ABSTRACT
INTRODUCTION

16
In the area of tunnelling projects in urban areas, assessing the impact of the excavation on surface struc-17 tures is an essential and complex component. The prediction of potential damage caused by tunnelling 18 induced settlements is particularly challenging for masonry buildings, which represent the majority of to the structure are evaluated. The comparison with limit values for the combination of shear, bending adjacent buildings: isolated building (no interior walls) with dimensions B and L < 2D (G1), isolated building (no interior walls) with B < 2L and L > 2D (G2) and grouped building (two interior walls) 
139
In the 2D analyses, the maximum crack width is derived from the relative displacements between two 140 nodes on either side of the most pronounced crack. For the 3D models, the maximum crack width 141 is calculated at the integration point level of the finite elements as w max = ε cr,max h, where ε cr,max is 142 the maximum crack strain and h is the pre-assumed crack bandwidth. The value of h is related to the 143 average area A of the finite elements of the building, according to the formula h = √ 2A (Slobbe et al.
144
2013), and it is equal to 566 mm. Compared to the methods used for the 2D models, this procedure 145 allows for a more efficient data processing, which is especially relevant in case of 3D modelling. Local
146
verifications have been performed to assure the comparability of the results.
147
As anticipated before, for the 3D analyses all the results refer to a fixed volume loss V L of 2% (Fig. 3b) ,
148
while for the 2D results the damage is expressed as a function of the applied deflection ratio∆ ( is visualised as the ratio between the numerical and LTSM damage levels (damage level ratio).
156
Analysis results
157
To exemplify the procedure, the results corresponding to selected parameters for the sensitivity study 158 performed on the 2D and 3D models are briefly illustrated. Starting with the 2D models, Figure 4 shows 159 the maximum principal strain distribution and the deformed configuration at the maximum applied are concentrated. In the reference case, the first bending crack arises at the top of the façade, and
166
progressively crosses the entire section in the vertical direction (Fig. 4c) . Conversely, in the blind 167 wall the increased stiffness reduces the initial bending, and the main crack develops horizontally, near 168 the base (Fig. 4a ). In the intermediate case, the failure mechanism presents both the horizontal and 169 vertical cracks, but limited to the area around the largest window at the ground floor (Fig. 4b) . Figure   170 4 also shows how the relatively high stiffness of the blind wall and the wall with the small openings 171 leads to gapping in the no-tension interface, while in the reference case the façade follows more closely 172 the applied settlement trough. According to Son and Cording (2007) , the corresponding reduction in 173 equivalent bending stiffness varies between 3 and 11% (for 10% of openings) and 20 and 26% (for 30% 174 of openings), depending on the masonry properties.
175
The maximum crack width increases with the increase of openings. The damage level corresponding 176 to the maximum crack width growth (Fig. 5a ) confirms that for the analysed situation a façade with 177 a larger amount of openings is more prone to the damage induced by the hogging settlement. The 178 increased structural vulnerability due to the crack localisation and the reduced shear section has a 179 much stronger effect than the increased bending flexibility given by more openings. As shown in
180
Figure 5b, the LTSM only takes into account the latter effect, leading to a substantially higher damage 181 level prediction for the two cases with openings, based on the numerical results compared to the LTSM 182 prediction. More details about the physical interpretation of all the parametric results are given in 183 Giardina (2013).
184
Following the same approach, the influence of the building orientation B/L on the structural damage 185 is illustrated. By using the 3D model, the effect of building orientation was examined for different 186 alignment, position and grouping conditions. For each of the combination sets shown in Table 3 , only 187 the orientation parameter was varied, while the other conditions were kept constant. Figure 6 illustrates 188 the case of three grouped buildings (G3), adjacent (P1) and aligned (A0) to the tunnel axis.
189
For the orientation O1 and O2, the ratio B/L is modified by varying the dimension B of the transverse properties, which could be obtained through preliminary non-destructive tests.
229
VULNERABILITY FRAMEWORK
230
The quantitative results of the variational study are used to set the framework of an alternative damage 231 classification system.
232
The selected damage function d depends on a certain number of parameters x i , collected in an array
The damage function approximates the data points d num resulting from the parametric 234 analyses performed on the 2D and 3D models. In the 2D case the dependency on the deflection ratio
235∆
is also explicitly considered. The approximated solution of the system d(∆,
obtained by minimising the sum of squares
2 , where k = 14 + 237 15 = 29 is the total amount of 2D and 3D variation studies, the superscript f indicates the individual numerical analyses, l = 24 is the total amount of deflection ratios considered, between 0 and 3 × 10 −3 ,
239
and s indicates each individual deflection ratio.
240
Damage functions
241
Two alternative damage functions are used to fit the numerical results: a polynomial and a piecewise 242 linear function. The polynomial functions approximating the 2D and 3D results are defined as: polynomial is the lowest degree that guarantees a good approximation of the numerical curve (Fig. 10a ).
255
Conversely, the 3D analyses simulated the tunnel advance for a fixed value of volume loss V L = 2%,
256
and therefore the 3D damage function does not depend on the applied deformation.
257
Defining the damage function as the sum of the normalised parameters multiplied by coefficients a i
258
gives a relatively simple expression, which has the main advantage of making the relative weight of 259 each parameter explicit. However, the 2D numerical analysis curves are typically characterised by a 260 steady increase of damage after a longer or shorter latency and before reaching a certain damage level 261 plateau; a piecewise linear function with three intervals for ranges of∆ depending on the parameters x i 262 was therefore adopted as alternative damage function (Fig. 10b ). This second model for the 2D results
263
can be written as:
are the deflection ratio values corresponding to the onset of damage and to the maximum damage,
is a measure of the damage progression rate (Fig. 10b ).
272
Normalised parameters
273
Normalising the range of each parameter x i to a unit range facilitates the interpretation of the coeffi-274 cients a i , c i and d i . The normalised parameters are defined as:
278 279
if (x 6s , x 6t ) = (smooth, sagging) or (rough, hogging) The normalised parameters x i are formulated such as to become zero at the reference case: for each 
297
The highest value of x 6 is executed to lead to an increase of damage with respect to the reference case.
298
The definition of x 10 takes into account the observation that in the hogging area the building is more x 10 is expected to lead to an increase of damage.
303
The final damage level resulting from the numerical simulations, which was related to the maximum 304 crack width by means of a step function ranging from 1 to 6 (Tab. 4), is now smoothened into a 305 continuous function of the maximum crack width, as illustrated in Figure 11 .
306
RESULTS
307
In this section, first the performance of the two damage models based on the polynomial and the piece- Table 5 .
322
Compared to the polynomial, the piecewise linear function can better capture the sudden change of MPa leads to a global reduction of vulnerability (Fig. 12d) Figure 13a2 .
334
On average, the damage functions can give a reasonable approximation of all the selected curves. 
360
For example the value of the coefficient a 1 related to the opening percentage parameter x 1 (Fig. 15a) 
361
shows that an increase of openings from 0 to 30% of the façade surface increases the structural vul- between the value of the parameter and the damage level variation (see Fig. 5a ). The corresponding 364 coefficients c 1 and d 1 (Fig. 15b) indicate that the opening percentage has a limited influence on the 365 onset of damage, while it has a relatively larger influence on the rate of damage afterwards. Since 366 d i − c i < 0, the structure becomes more brittle for smaller values of opening percentage, due to a 367 higher initial stiffness.
368
For the fracture energy parameter x 2 , Figure 15a indicates that the analysed variations can lead to 369 an increased damage of up to 3 levels, with the structure becoming less vulnerable as the fracture 370 energy of the masonry increases (negative coefficient, see Fig. 8a ). Figure 15b shows that in this case 371 the governing effect of the influence on the damage progression rate is even more visible than for the 372 amount of openings. Furthermore, the positive value of d i −c i indicates that the structure becomes more 373 ductile for higher values of fracture energy, i.e. the deflection ratio at which the maximum damage is 374 reached becomes larger.
375
From Figure 15a it can be seen that the interface normal stiffness representing the soil-structure in- 
385
Among the characteristics evaluated through the 3D analysis, Figure 15a indicates the governing role 386 of the connection with adjacent structures, which affects the lateral boundary conditions and the global 387 stiffness of the building in relation to the applied settlement profile. The grouping parameter could 388 induce a variation up to three levels in the final damage assessment.
389
The damage function evaluates the alignment of the building with respect to the tunnel axis as the 390 second most important parameter of the 3D study, while the aspect ratio between the horizontal building 391 dimensions has a very marginal role. However, the orientation and alignment parameters, referring 392 both to the direction of the most vulnerable structural elements with respect to the governing settlement 
407
The main findings of the paper can be summarised as follows: interface normal stiffness and the lateral building constraints.
421
• The proposed damage function makes possible a quantitative assessment of the damage risk indicating the need for settlement mitigating measurements or building strengthening techniques.
426
• The results in terms of parameter weights on the structural response can be used to refine the total 427 strain limit values included in the LTSM, according to the building characteristics. The proposed 428 model has therefore the potential to be developed as a decision and management tool for the 429 assessment of the settlement-induced damage to buildings.
430
• Due to its flexible formulation, the method might serve as a growing knowledge system, which . 
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